Structural studies of myosin have indicated some of the conformational changes that occur in this protein during the contractile cycle, and we have now observed a conformational change in a bound nucleotide as well. The 3.1-Å x-ray structure of the scallop myosin head domain (subfragment 1) in the ADP-bound near-rigor state (lever arm Ϸ45°to the helical actin axis) shows the diphosphate moiety positioned on the surface of the nucleotide-binding pocket, rather than deep within it as had been observed previously. This conformation strongly suggests a specific mode of entry and exit of the nucleotide from the nucleotide-binding pocket through the so-called ''front door.'' In addition, using a variety of scallop structures, including a relatively high-resolution 2.75-Å nucleotide-free near-rigor structure, we have identified a conserved complex salt bridge connecting the 50-kDa upper and N-terminal subdomains. This salt bridge is present only in crystal structures of muscle myosin isoforms that exhibit a strong reciprocal relationship (also known as coupling) between actin and nucleotide affinity.
M
yosin is a motor protein that transduces ATP hydrolysis into mechanical work, leading to its translocation along filamentous actin. It is believed that the small conformational changes induced by enzymatic activity in the myosin ''motor domain'' (MD) are amplified by the motion of the ''lever arm.'' Three weak actin-binding (actin-detached) states have been identified crystallographically for scallop myosin subfragment 1 (S1) (1) . These and other structures reveal that the motor function of myosin S1 is coordinated by three subdomains (50-kDa upper and lower subdomains and the converter) that rotate as rigid bodies around the relatively stable N-terminal subdomain (1) (2) (3) . These rotations depend on conformational changes in three flexible joints (switch II, relay, and the SH1 helix) between the subdomains. Three-dimensional reconstructions of electron microscopic images of actin decorated by S1 of several myosin isoforms (4-6) have led to the suggestion that actin binds to portions of the 50-kDa upper and lower subdomains, whereas various crystal structures (see, for example, refs. 3 and 7-9) indicate that ATP binds at the opposite side of the myosin head in a pocket between the 50-kDa upper and Nterminal subdomains (Figs. 1 and 2A) .
One of the three structural conformations, the so-called ''prepower stroke,'' corresponds biochemically to the ADP⅐P i transition state (1, 8, (10) (11) (12) . Here, S1 displays a primed lever arm (Ϸ90°to the actin filament axis), closure of the 50-kDa cleft's base (which is near the nucleotide-binding pocket), and a bent switch II that interacts with both the nucleotide and switch I (a loop in the 50-kDa upper subdomain that coordinates the nucleotide). After this state, the tight binding of myosin to actin results in the so-called ''power stroke'' (after which the lever arm is Ϸ45°to the actin filament), a process believed to be initiated by the near-complete closing of the 50-kDa cleft (4) (5) (6) . This step is thought to facilitate phosphate release through a ''back door,'' followed by ADP release through the entrance to the nucleotidebinding pocket (13) , here referred to as the ''front door.'' The strongly actin-bound, nucleotide-free conformation of S1 that results is known as the ''rigor state.'' Initial binding of MgATP to the rigor S1 at the start of a new ATPase cycle is accompanied by dissociation of myosin from actin (14) , possibly because of a partial opening of the 50-kDa cleft (15) . Another recently identified state, called ''internally uncoupled'' (2, 3), is characterized by a disordered SH1 helix, an open 50-kDa cleft, and an extended switch II. The disordered SH1 helix effectively uncouples the S1 MD from the lever arm. Based on this finding and other evidence, it was proposed that this state corresponds to an actin-detached ATP state (2) . The third state is called ''nearrigor'' (3, 16) because it is characterized by the rigor position of the lever arm. Unlike the rigor state, however, this state has an open 50-kDa cleft. Switch II is again extended in this state. The near-rigor state is believed to result when ATP dissociates true rigor myosin from actin in the contractile cycle (7, 9) . The structural details of how binding of nucleotide to myosin reduces affinity for actin and of how subsequent rebinding to actin leads to nucleotide release are not fully understood.
Here, we report the crystal structure of scallop myosin S1 in the near-rigor state, this time with a previously unobserved conformation of ADP visualized near the nucleotide-binding pocket. It is unclear whether the ADP provides information about nucleotide entry or exit from the pocket, but the structure suggests a specific sequence for one or both processes. We also have determined a higher-resolution (2.75 Å) near-rigor structure of nucleotide-free scallop S1 that was solved earlier to 3.2 Å (3). In both structures, we identify a complex salt bridge linking switch I, the P-loop, and the N-terminal subdomain. Comparison with kinetic data (17, 18) reveals that the presence or absence of such bridges in the crystal structures of the MD of different muscle myosins correlates with the level of coupling between nucleotide and actin binding in these myosins.
Methods
Crystallization and Data Collection. Purified S1 was obtained from scallop (Argopecten irradians) striated muscle myosin as described in ref. 2 . The S1-MgADP complex was crystallized in sitting drops by combining equal volumes (3 l) of protein solution with a precipitant solution containing 50 mM Mes buffer (pH 6.5), 5 mM MgCl 2 , 2 mM MgADP, 6-6.5% polyethylene glycol 8K, 50 mM ammonium sulfate, 50 mM trimethylamine N-oxide, and 12-13% glycerol. Nucleotide-free S1 was crystallized with a precipitant solution of 50 mM Na cacodylate (pH 7.0), 10 mM MgCl 2 , 6-7% polyethylene glycol 8K, 50 mM ammonium sulfate, and 8% glycerol. X-ray data were collected at beamline A1 of the Cornell High Energy Synchrotron Source (S1-MgADP complex) and station ID29 of the European Synchrotron Research Facility (nucleotide-free S1) at 100 K from single crystals cryopreserved in precipitant solution containing final amounts of 25% glycerol and 18% polyethylene glycol 8K. Data were processed with DENZO͞SCALEPACK (19) (S1-MgADP) or with MOSF LM (20) and SCALA (21) (nucleotide-free complex).
Structure Determination and Refinement. Initial phases for both nucleotide-containing and nucleotide-free S1 were determined by molecular replacement and rigid body refinement with the program AMORE (22) by using the earlier near-rigor scallop S1 structure (3) as an initial search model. The nucleotide-free structure was refined to a 2.75-Å resolution, and the ADPcontaining structure was refined to 3.1 Å by iterative modelbuilding with the O graphics package (23), combined with torsional simulated annealing refinement or conjugate-gradient minimization with a bulk solvent correction in CNS (24) . Unambiguous electron density was observed for the sulfate ion in simulated annealing omit maps (25) of both structures and for the ADP in the nucleotide-containing structure, and these were modeled in at later stages of refinement. Water molecules were added manually in the final stages of refinement and were only built in where justified by hydrogen bonds and F o Ϫ F c electron density Ն3.0 contour level. The crystallographic R factor and R free for the two structures (Table 1) are within the average values of structures at the given resolutions (26) .
Results
The ADP-containing structure (ScS1-ADP) and the nucleotidefree structure (ScS1-SO 4 ) are in the near-rigor conformation and both superimpose on the previously reported 3.2-Å scallop near-rigor structure (3) with a rms difference of 0.7 Å for 547 C␣ atoms of ␣-helices and ␤-strands of the MD and lever arm. In both structures, a sulfate occupies the ␤-phosphate site in the nucleotide-binding pocket ( Fig. 1 ) and displays the same coordination as observed in previous structures (3, 16) . The switch I loop is observed in a constrained conformation that has been identified in many other myosin structures from smooth muscle, skeletal muscle, and Dictyostelium myosin II, usually with nucleotide bound (2, 3, 7-11, 16, 27) .
A Partially Bound Conformation of Nucleotide. In the ScS1-ADP structure, the ribose and diphosphate moieties of ADP adopt a previously unobserved conformation at the front door of the nucleotide-binding pocket ( Interactions between these loops and the nucleotide are strictly conserved in nucleotide-bound near-rigor structures from both Dictyostelium and scallop isoforms, whether the nucleotide bound is ADP, ATP, or an ATP analog (3, 7, 9) . In the present ScS1-ADP structure, however, the ribose moiety (to some extent) and the diphosphate moiety are displaced toward solvent and make fewer and more tenuous contacts with N237, N239 (switch I), R127 (purine-binding loop), and N321 (50-kDa upper subdomain) (Fig. 1) . The torsional angle between the purine base and the ribose and the angle between the ribose and the C5Ј of ADP are different from the corresponding values in the other nucleotide structures mentioned above, so that the present ADP conformation is not simply a rigid-body displacement of the normal ADP structure. The purine base of ADP is in the usual position, held firmly in place by hydrophobic interactions with the purine-binding loop and by the previously observed hydrogen bond to Y132 of the loop (9, 27) . Of special interest is R128, which is stacked against the base of ADP. R128 also makes a simple salt bridge with E184, effectively closing off solvent access to the bound ligand on one side of the front door of nucleotide entry (Fig. 1) . Similar salt bridges have been observed in a scallop S1 prepower-stroke state structure (12), the scallop internally uncoupled structure (3), and a Dictyostelium myosin II MD structure with MgADP⅐BeF x bound (27) . In the present ScS1-SO 4 structure, the salt bridge between R128 and E184 is broken, and R128 is swung out toward solvent in the absence of nucleotide (Fig. 1) . The Arg͞Glu pair corresponds in skeletalmuscle isoforms to Trp͞Val, which can make hydrophobic interactions with the ATP base and with each other, thereby also providing binding interactions and solvent protection to the bound nucleotide. The corresponding W131 in the chicken skeletal myosin structure (16) is also exposed to solvent in the absence of nucleotide. These structural observations imply that R128 in scallop or its equivalent in skeletal muscle myosin is involved in ATP recruitment to the nucleotide-binding pocket. Evidence for this role of R128 is provided by cross-linking studies using photoaffinity ATP analogs (28) (29) (30) . Moreover, in isoforms lacking a tight contact between the pair of residues equivalent to R128͞E184, ATP binding is weaker by one or two orders of magnitude. The actomyosin ATP binding constants are 2.5 M Ϫ1 ⅐s Ϫ1 and 2.1 M Ϫ1 ⅐s
Ϫ1
for scallop and rabbit skeletal myosin, respectively (17) . By contrast, the binding constant is 0.018
for myosin VI (31), in which a pair of negatively charged residues (Asp͞Glu) is substituted, and 0.017 M Ϫ1 ⅐s
for myosin I (32), in which the pair Ser͞Glu (whose side chains are too short to form a tight contact) is substituted. The unusual nucleotide state visualized in the ScS1-ADP structure may provide information about the mode of ADP release from actomyosin before the rigor state and͞or the mode of ATP entry to rigor actomyosin before myosin dissociation from actin. The ScS1-ADP structure does not distinguish between these two processes but does suggest that, during either nucleotide entry or exit from the nucleotide-binding pocket, the polyphosphate moiety is the last in and͞or first out. A recent kinetic study using a Dictyostelium myosin II mutant containing a single tryptophan near the nucleotide-binding pocket (F129W) revealed at least a three-step nucleotide-binding mechanism (33) . They also detected a low-fluorescence binding intermediate that was attributed to an initial unfavorable orientation͞ conformation of the nucleotide. It is possible that the nucleotide conformation in the ScS1-ADP structure represents one of these steps.
It is not clear why ADP is found in this partially bound conformation in the present structure. One cannot rule out the possibility that the sulfate ion (present at a 50 mM concentration) has displaced the ␤-phosphate of ADP (present at a 2 mM concentration) in this structure. The ScS1-ADP structure is the only scallop near-rigor structure available with any nucleotide bound. The only other ADP-containing near-rigor structure is that of the Dictyostelium myosin II MD (7), containing a fully bound ADP. But the crystallization conditions of the two studies cannot be compared because the Dictyostelium structure contains a truncated myosin II construct lacking the lever arm and has a low sequence identity (49%) with scallop myosin.
A Connection Between the 50-kDa Upper and N-Terminal Subdomains.
The communication between the nucleotide-binding pocket and the lever arm of myosin that leads to the power stroke has been ascribed to coupled rigid-body rearrangements of the MD's four subdomains, which are linked by three flexible joints (2, 3) . Recent structural studies have yielded some information about the communication between the nucleotide-binding pocket and the actin-binding 50-kDa cleft. Electron microscopic reconstructions of actin decorated with smooth (5) or skeletal muscle myosin (6) indicate that the 50-kDa upper subdomain rotates away from the N-terminal subdomain when myosin binds strongly to actin. Moreover, the three scallop S1 structures (3) and new crystal structures of myosin V (34) and Dictyostelium myosin II (35) reveal that the 50-kDa upper subdomain rotates about a region comprising switch I and the preceding ␤-hairpin so that switch I exists in distinctly different conformations or positions during the actomyosin cycle. This rotation is associated with the distortion of the seven-stranded ␤-sheet that spans the two subdomains (34, 35) . Because the nucleotide-binding pocket is located at the interface between the N-terminal and 50-kDa upper subdomains, the rotation of the 50-kDa upper subdomain necessarily opens up the pocket and is believed to lead to the subsequent release of ADP (3, 6, 34) . Conversely, in the ATPbound state, the opening of the 50-kDa cleft (during which the 50-kDa upper subdomain rotates toward the N-terminal subdomain) is accompanied by the closing of the nucleotide-binding pocket (36) .
We have now identified a strong linkage between the two subdomains that may strengthen the communication between the nucleotide-binding pocket and the 50-kDa cleft. Including the structures described in our study, we now have eight scallop myosin structures in three different weak actin-binding conformations. Comparison of the 50-kDa upper subdomain positions in these structures reveals that this subdomain rotates as a rigid body with respect to the N-terminal subdomain by as much as 16°, and that the center of rotation is located in the switch I region near R236 (Fig. 2B) . The only strong connection between these subdomains that is maintained in all scallop structures (apart from the ␤-sheet mentioned above) is a complex salt bridge (37) between R236 of switch I in the 50-kDa upper subdomain and two glutamic acid residues in the N-terminal subdomain, E177 and E675 (Fig. 2 B and C) . (E177 is a part of the catalytic P-loop in the N-terminal subdomain.) This salt bridge is especially strong because the participating side-chain atoms also form four hydrogen bonds (Fig. 2C ) in all three scallop states.
For reasons given below, it is likely that the salt bridge will persist in the strong actin-binding rigor state of scallop myosin, despite the larger rotation of the upper 50-kDa subdomain away from the N-terminal subdomain in that state. This linkage is therefore a possible common feature of all conformational states of certain myosin isoforms in the contractile cycle. The location of the complex salt bridge approximately at the center of rotation of the 50-kDa upper subdomain described above suggests a possible role for the linkage in minimizing the amount of random motion (or ''wobble'') that occurs during the rotation of the subdomain. It appears that the strong connection between switch I (part of the 50-kDa upper subdomain) and the N-terminal subdomain provided by the salt bridge helps to direct the rotation of the 50-kDa upper subdomain, thereby improving the communication pathway between the actin-binding 50-kDa cleft and the nucleotide-binding pocket. Efficient communication between the two binding sites could modulate the well documented inverse relationship (coupling) between actin-binding affinity and nucleotide-binding affinity first observed with ATP , and the prepower-stroke state (purple) structures. A red arrow indicates the rotation of the 50-kDa upper subdomain in the plane of the paper. The 50-kDa lower subdomain, the converter, and the lever arm have been omitted for clarity. ADP from the ScS1-ADP structure is shown in a blue ball-and-stick representation. Residues involved in the complex salt bridge (E177, R236, and E675) between the 50-kDa upper and N-terminal subdomains are also shown in a ball-and-stick representation. (C) Close-up view of the complex salt bridge, which is well situated to stabilize the rotation of the 50-kDa upper subdomain. All but one of the salt links have favorable geometry to form hydrogen bonds, and these are shown as red dashed lines. The additional nonhydrogen-bonded salt link is shown as a black dashed line. (14) . The affinity of myosin for nucleotide and actin are coupled in that nucleotide weakens actin affinity and actin weakens nucleotide affinity. The ratio of the actin affinities in the absence and presence of nucleotide defines the extent of coupling. With ATP, the coupling is large (Ϸ1,000-fold) for all myosin isoforms, whereas for ADP the coupling is variable. A value of 1 means that the two binding sites are independent for that myosin isoform. As the value increases, actin displaces ADP (and ADP displaces actin) more effectively.
This coupling has been investigated in transient kinetic studies in which the dissociation of ADP by actin and of actin by ADP were monitored. These studies indicate that the coupling is significantly stronger in scallop and skeletal muscle myosins than in smooth muscle myosin (17, 18) (Table 2) . Correspondingly, the crystal structure of chicken skeletal S1 in the near-rigor state (4) displays the same hydrogen-bonded and arginine-mediated complex salt bridge link between switch I and the N-terminal subdomain as observed in the present structures. Moreover, a recent study (38) places the Drosophila embryonic and indirect flight muscle myosins in the high-coupling category, and sequence alignment reveals that the corresponding residues in the Drosophila muscle myosins are again identical to those in scallop (Table 2) . By contrast, the chicken smooth muscle MD prepower-stroke state crystal structure (8) reveals only a weak, lysine-mediated simple salt bridge in this region (Table 2) . Thus, a correlation appears to exist between the presence or absence of the complex salt bridge and the degree of coupling between actin and nucleotide binding in different isoforms of muscle myosin. It must be noted that structural features other than the salt bridge might play a role in the coupling in muscle and nonmuscle myosin isoforms of myosin, as indicated in studies with Dictyostelium myosin II (39) and its truncated constructs (40) or engineered mutants (39) .
The complex salt bridge described above might provide a specific mechanism for one aspect of the coupling in highcoupling myosins, namely actin-induced ADP release. The new crystal structure of chicken myosin V (34), which, although not bound to actin, appears to mimic the strong actin-binding rigor state, shows that the 50-kDa upper subdomain along with switch I rotates further away from the N-terminal subdomain than in any previously identified myosin structure. Myosin V lacks one of the residues necessary to form the complex salt bridge observed in scallop (scallop E675 becomes A, D, or S in Myosin V). However, the Myosin V structure suggests that the complex salt bridge could form in the rigor state if a glutamate (with a longer side chain than aspartate) is introduced at that position. (The kinetics of such a construct might reveal the contribution of the salt bridge to the coupling.) While the complex salt bridge is therefore likely to be maintained in the strong actin-bound rigor state in the high-coupling myosins, the large rotation of the 50-kDa upper subdomain would pull switch I away from the nucleotide, breaking important protein-nucleotide interactions and leading to ADP release. Because the rotation of the 50-kDa upper subdomain is well anchored in the high-coupling myosins, this structural feature suggests how increased affinity for actin is strongly coupled with decreased affinity for the nucleotide in these isoforms. By contrast, in low-coupling isoforms such as smooth muscle myosin, less directed movements of the 50-kDa upper subdomain (in the absence of the complex salt bridge) could lead to a slower actin-induced ADP release.
Complex salt bridges have been shown to be involved in the allosteric regulation of the GroEL chaperonin (41) and in promoting intersubdomain contacts in the structure of hemoglobin (42) . Although the role of simple salt bridges in providing protein stabilization is controversial (43, 44) , the importance of complex salt bridges in providing better stabilization than the sum of two individual salt bridges and the importance of arginine in complex salt bridges have been recognized (37, 45) .
Perspective. All high-resolution crystal structures of myosin S1 have been solved in the absence of actin. Nevertheless, some of the most recent x-ray structures and electron microscopic images have begun to reveal the changes in S1 upon binding actin. Two major changes appear to occur: the 50-kDa upper subdomain rotates away from the N-terminal subdomain (thereby closing the actin-binding cleft and opening the nucleotide-binding pocket) and nucleotide (ADP) is released. The center of this rotation is near switch I, leading to the prediction that this rotation triggers the power stroke by pulling switch I away from switch II (3, 35) . The current study provides some structural (8) 4 (18) Residues involved in the complex salt bridge or their sequence equivalents from several muscle myosins and the kinetic coupling in the respective isoform. NA, not available. *The coupling is given by the ratio of the actin dissociation constant from myosin in the presence and absence of ADP (K DA/KA) or the ADP dissociation constant from myosin in the presence and absence of actin (K AD/KD). details of both processes: rotation of the 50-kDa subdomain appears to be directed by a complex salt bridge (E177͞R236͞ E675) in myosins of high-coupling muscles, and ADP appears to leave via a front door in agreement with previous kinetic investigations. The unique conformation of ADP near the nucleotide-binding pocket of myosin S1 reported here provides a beginning for understanding the sequence of molecular events leading to nucleotide binding͞dissociation from the binding pocket, in which the polyphosphate moiety is the last in and͞or first out. Here, a simple salt bridge (R128͞E184) in scallop myosin, or equivalent hydrophobic contacts in skeletal muscle myosin, at the front door of the nucleotide-binding pocket appears to play a role in nucleotide recruitment. A highresolution structure of an acto-S1 complex would be essential to visualize the interactions between these two proteins, to explain how binding to actin produces rotation of the 50-kDa upper subdomain, and to help locate the route for phosphate release.
